The role of the mechanical properties of the neuromuscular system in motor control has been investigated for a long time in both human and animal subjects, mainly through the application of mechanical perturbations to the limb during natural movements and the observation of its corrective responses. These methods have provided a wealth of insight into how the central nervous system controls the limb. They suffer, however, from the fact that it is almost impossible to separate the active and passive components of the measured arm stiffness and that the measurement may themselves alter the stiffness characteristic of the arm. As a complement to these analyses, the implementation of a given neuroscientific hypothesis on a real mechanical system could overcome these measurement artifact and provide a tool that is, under full control of the experimenter, able to replicate the relevant functional features of the human arm. In this article, we introduce the NEURARM platform, a robotic arm intended to test hypotheses on the human motor control system. As such, NEURARM satisfies two key requirements. First, its kinematic parameters and inertia are similar to that of the human arm. Second, NEURARM mimics the main physical features of the human actuation system, specifically, the use of tendons to transfer force, the presence of antagonistic muscle pairs, the passive elasticity of muscles in the absence of any neural feedback and the non-linear elastic behaviour. This article presents the design and characterization of the NEURARM actuation system. The resulting mechanical behaviour, which has been tested in joint and Cartesian space under static and dynamic conditions, proves that the NEURARM platform can be exploited as a robotic model of the human arm, and could thus represent a powerful tool for neuroscience investigations.
Introduction
A pair of muscles powering the human joint in an antagonistic configuration exemplifies the main difference between standard industrial robots and biological motor systems. Since muscles have a natural stiffness that varies with the muscle activation level, the central nervous system (CNS) can generate stable equilibrium postures, towards which the arm is attracted, by properly regulating the activation levels of antagonistic muscles (Hogan 1984) The elastic properties of muscles contribute to the finite stiffness/compliance properties of the limb and to the stability of the neuro-musculo-skeletal system in the face of significant feedback delays and even allows for the generation of target movements in the absence of sensory feedback, by shifting the equilibrium point (Polit and Bizzi 1979) . Moreover, the ability to modulate the stiffness of the limb is fundamental to the control of stable interactions with the environment (Colgate and Hogan 1988) leading to the theory of 'impedance control' (Hogan 1985a,b,c) .
The intrinsic spring-like muscles of the arm in theory allow the human motor system to generate stable postures and movements even in the absence of feedback control. Considering a single joint, the basic idea is that, working against each other, the two opposing spring-like muscles can establish a joint equilibrium position (EP) . When the joint is at the EP, the net force and torque acting on it is zero. If moved to the EP and released, the joint will stay there. If displaced away from the EP by an external force and then released, the spring-like muscle properties will pull the limb back towards the EP. The EP is therefore a stable attractor. Control theories based on the presence of the EP in biological motor systems (Hogan 1984; Hogan et al. 1987; Bizzi et al. 1984; Feldman 1986 Feldman , 1966 suggest that movements are programmed as a shift of EPs rather than through an explicit computation of forces. Thus, there is no need to solve the 'inverse dynamics problem' for calculating the torque required to move the arm on the desired trajectory.
The early EP hypotheses are, however, admittedly too simple to explain the full complexity of human dynamic behaviours, for which more sophisticated model-based control schemes are almost certainly engaged as well. Nevertheless, early studies of equilibrium-point control hypotheses provided critical insights underlining the importance of the intrinsic properties of the muscles and of impedance in the stable control of the arm. EP, impedance and model-based control mechanisms certainly work together in the overall control of the arm. Experiments addressing questions about limb impedance have been tested extensively in human and animal subjects, primarily by applying mechanical perturbations (impulses, vibrations, etc.) to the limb during natural movements and observing the corrective responses of the limb (Burdet et al. 2001 ). These methods have provided a wealth of insight into how the CNS controls the mechanical behaviour of the limb. They suffer, however, from the fact that the applied perturbations may themselves change the stiffness characteristics of the arm, a highly non-linear system, which could lead to corrupted observations of the limb behaviour.
A possible way to overcome the measurement artifact problem consists of simulating the human arm movements using mathematical models describing the behaviour of the muscle-skeletal system. The simulation results can then be compared with the human performance, thus obtaining important information about the internal mechanism responsible for the human arm behaviour (Flash 1987) . This research methodology represents a powerful tool for neuroscience investigation. However, mathematical models of complex physical phenomena, such as the interaction between the human arm and the external environment, always present a discrepancy with the real world. This discrepancy could either be due to un-modelled dynamics of the interested phenomena or to the impossibility of finding the exact parameters of the model that reproduce the characteristics of the real-world phenomena. Discrepancies such as these could result in a divergence between the simulation result and real-world behaviour, reducing the model usefulness.
As a complement to mathematical analyses, the implementation of a given neuroscientific hypothesis on a real mechanical system can avoid the need of modelling parts of the phenomena of interest. For example, in the case of physical interaction between the human arm and the external environment, both the external environment properties and the interaction dynamics need not be modelled, thus reducing the risk of misrepresentation due to inadequate models of the real physical world.
The aim of this study, therefore, is to produce a robotic model of the human arm that replicates the key mechanical behaviour of the human neuromuscular system. As such, an accurate robotic model of the human arm could provide a tool under the full control of the experimenter, reproducing the main functional features of the human arm and being able to interact with the same physical environment as the human.
In order to develop an appropriate robotic model of the human arm, two key requirements should be satisfied:
1. the robot kinematic parameters and inertia should be similar to that of the human being; 2. the robot actuation should mimic the main physical features of the human actuator system, such as:
2.1 the use of tendons to transfer force; 2.2 passive elasticity of muscles in the absence of any neural feedback; 2.3 implementation of antagonistic pairs of muscle; 2.4 non-linearity of the elastic behaviour allowing modulation of net stiffness through co-activation of opposing muscles.
These criteria relate to the constituent components of the human described at the level of the joints and mechanical linkages. If these criteria are met, the more global features of the dynamical system, such as the endpoint impedance and the movements induced by a motor command, should emerge. If, indeed, this goal is reached, one can use the thusdesigned robotics system to test hypotheses about human motor control, allowing one to distinguish between the dynamical properties of the skeletal elements and actuators that contribute to the control of the limb from the active neural processes that the CNS uses to produce movements. This reasoning has driven the research activities that we describe here. The NEURARM bio-mimetic platform has been designed and implemented by reproducing key features of the human arm as identified at the level of joints and muscles. We then used the NEURARM platform to replicate and compare results with two well-known studies (one primarily experimental, one primarily based on numerical modelling) that have previously been performed to identify the impedance characteristics of the human upper arm. In doing so, we confirm the early results from the human experiments. More importantly, we use this comparison to validate the NEUR-ARM as a useful platform that can be used to test more recent theories about human motor control. 
Design of the NEURARM
State-of-the-art industrial anthropomorphic robot arms currently fail to replicate the muscle spring-like properties that characterize biological systems because of the use of rigid, non-backdrivable transmission systems in the mechatronic design. Recent advances in this field present a bio-inspired actuation system based on antagonistic compliant actuators. For instance, Filippini et al. (2008) developed the variable stiffness actuators (VSA) to reduce the risk of injury in case of impact with the human being. Migliore et al. (2005) implemented an equilibrium-point-hypothesis-based openloop controller for a single joint tendon-driven robotic system. Koganezawa et al. (2006) developed the actuator with non-linear elastic system (ANLES) to exploit the energy efficiency and the intrinsic stability of the antagonist compliant actuators. Nevertheless, these robotic manipulators still do not accurately model the elastic behaviour of the human arm. Indeed, the force and stiffness ranges achieved by these actuators differ from that of the human arm, the links length mass and inertia are not consistent with that of human being, and their application is limited to a single degree-of-freedom. A different approach for developing bio-inspired actuation system consists of the use of actuators that replicate some intrinsic muscle properties, such as the pneumatic artificial muscle (PAM) and shape memory alloys (SMA) (Caldwell et al. 1995; Tondu et al. 2005; Selden et al. 2006) . However, these devices have intrinsic disadvantages such as difficult controllability and low bandwidth, which limit their usability whilst performing fast movements.
In Cattin et al. (2008) , Lenzi et al. (2009) and Vitiello et al. (2010) , we presented the two-link, two degree-of-freedom planar anthropomorphic robotic arm NEURARM, designed for the purpose of making a realistic model of the human arm for neuroscience investigations. This planar system (see Fig. 1 ) is a gross simplification of the complexity of the human arm: its dofs are reduced to a minimum both in terms of kinematics and actuation (i.e., two dofs and four actuators). The system is complex enough, however, to address essential questions about human behaviour. Specifically, the two-joint linkage provides significant non-linear kinematics, statics and dynamics and the tendon-driven antagonist actuation system supplies redundancy in terms of both force and torque production.
Previous incarnations of the NEURARM already replicated some of the main functional features of the human upper limb (i.e., tendon-driven agonist-antagonist actuation, mass, inertia, dynamic performance, sensory system for detecting tendon forces, joint angles and actuators elongation) but did not successfully reproduce the muscle's spring-like properties. To overcome these limitations, the transmission and control system of the NEURARM were updated as follows:
1. A new agonist-antagonist tendon-driven joint that includes a novel non-linear elastic element that mimics the passive muscle elasticity was conceived and implemented as part of the NEURARM transmission system. 2. A joint-level position and stiffness control was developed and tested to investigate hypotheses on 'equilibrium point' and 'impedance' control.
Reports on these developments, and tests of their efficacy, are reported here.
Design goals: variable-stiffness, antagonistically actuated joints
The length-tension characteristic of a muscle, or of a combined muscle-reflex, is that of a nonlinear spring. The important property of these springs is that the stiffness of the Fig. 2 Two non-linear springs acting on the joint in antagonist configuration permit to control both the joint position and the joint stiffness by regulating the rest lengths of the opposing non-linear elements length/tension curve increases as the tension increases, at least over a certain usable range. This property allows one to control both the net stiffness and the equilibrium point for a pair of opposing muscles, even if the control signal serves only to shift the rest-length of each nonlinear spring. Figure 2 shows how two idealized muscles, behaving as two non-linear springs, generate a convergent torque field on the powered joint. By properly changing the two rest lengths, it is possible to change the equilibrium point (i.e., the joint equilibrium posture), as shown in Fig. 2a , and/or the slope of the torque field (i.e., the joint stiffness), as shown in Fig. 2b . 1 The length-tension characteristics that we set out to reproduce were inspired by the so-called invariant characteristic that humans show around joints of the upper limb. Feldman (1966) measured these characteristics by asking subjects to actively exert a defined level of force against a mechanical stop. The mechanical stop was then gradually moved so as to allow the muscle to shorten and release the tension, whilst subjects were instructed to not consciously intervene. The length-tension curves recorded in these experiments, which are presumed to result from a combination of muscle elastic properties and stretch-reflex activity, showed the desirable characteristic that the muscle stiffness decreased as the tension in the muscle decreased. It is this feature that we set out to mimic in the design of the NEURARM actuator system. Although this characterisation of length-tension properties represents a gross simplification of the complex behaviour exhibited by human muscles, we argue that the design specified here captures the essential characteristics of the biological systems that are necessary to test hypotheses about at least a certain class of human arm movements (see Sect. 5). Fig. 3 (a) NEURARM joint antagonistic actuation scheme: each actuation unit is composed of three elements: the hydraulic piston-stroke amplifier, the non-linear elastic element and the steel cable which, by means of Bowden cable, transmits the power to the joint; (b) NEUR-ARM elbow joint design: the two antagonistic cables transmit the torque to the joint by acting directly on the forearm link through cable clamps; whilst the extensor cable has a constant moment arm, the flexor has a non-constant and non-linear moment arm; this feature, which replicates the human biceps attachment, is obtained by routing the cable through the pins A, B and C
Design overview
The NEURARM joint actuation system, preliminarily presented in Vitiello et al. (2008) for the shoulder joint, and here extended to the elbow, replicates the human musculoskeletal system configuration by means of two antagonistic compliant actuators. As illustrated in Fig. 3a , each agonist/antagonist unit consists of three functional elements:
1. A non-linear elastic element emulating the muscle's passive elastic behaviour. 2. A linear hydraulic actuator combined with a stroke amplifier to mimic the contractile capability of the muscle. These two elements allow the regulation of the rest length of the non-linear elastic element. The hydraulic piston is the active component of the transmission system, whilst the stroke amplifier is used to transform a piston displacement x into a cable displacement l = a f · x = 4 · x (where a f is the amplification factor). This latter element satisfies the system requirement in terms of contraction velocity and force generation, and allows one to achieve performance similar to that of the human arm. 3. A steel cable transmitting the force to the NEUR-ARM joint by means of a Bowden cable. Regarding the shoulder joint, the two antagonist steel cables act on a pulley, so that the moment arms are equal and constant for each joint angle (see Fig. 3a ). On the contrary, for the elbow joint (Fig. 3b) , the two cables attach directly on the forearm. The elbow flexor cable follows a particular geometry, generating a variable moment arm with respect to the joint position. This non-linear function emulates that of the human elbow joint and represents a further element of bio-inspiration on our platform.
Both elements 1 and 2 are located remotely from the robot. This solution satisfies requirements for the mass and inertia of the links without affecting the system's capability to functionally emulate the human musculoskeletal system. This would not have been possible with an on-board actuation solution. Moreover, thanks to the low weight and high flexibility of the Bowden cables, the power is transferred to the joints without affecting the arm kinetics and kinematics. In the following, we describe the individual elements of the NEURARM design and explain how these elements come together to allow for feedforward impedance control at the level of the joints.
Design of the NEURARM non-linear springs
The design of the non-linear elastic element was of crucial importance to mimic the human muscle characteristics. Its main design requirements were:
1. the force (F) versus elongation ( l) characteristic curve should be well approximated by a quadratic function:
such that the force increases with elongation and the stiffness (dF/dL) increases with force. 2. the linear stiffness of the spring, coupled with the tendon transmission around the joints should result in a joint stiffness range for the shoulder and the elbow joint of about 40 Nm rad −1 , based on measured values of human arm stiffness in a static position (Mussa-Ivaldi et al. 1985) or during movement (Gomi and Kawato 1997; Burdet et al. 2000) .
Starting from a linear tension spring, we designed a lowfriction mechanism to obtain the non-linear elastic behaviour. The mechanism works in a two-stage fashion. First, it establishes a non-linear relationship between the displacement of the cable ( l) and the elongation of the linear tension spring ( s). Second, the force exerted by the linear-tension spring F s is transformed into a force on the cable F l by a cam mechanism.
As illustrated in the schematic representation of Fig. 4a , the mechanism consists of six elements, the working principles of which can be summarized in five steps:
1. the steel cable is deflected by an idler pulley (body 1) and then wrapped around a reel (body 2) which is fixed with a cam (body 3); 2. the cam transmits the force and the movement to a bar (body 5) by means of an idler wheel (body 4), minimizing the friction; 3. the bar is hinged down on the frame and is connected at its opposite extremity to the tension spring (body 6), which is hinged on the frame; 4. a displacement l of the cable rotates the reel and consequently the cam; 5. the cam moves the bar via the idle wheel, and so the tension spring is stretched of s.
Hereafter, by referring to the schematic representation in Fig. 4c , the kinematic and static analysis of the mechanism is reported. The starting point for the kinematic analysis is the cable elongation l, which determines a rotation of the reel θ 2 and consequently a rotation of the cam θ 3 , so that:
where R 2 is the reel radius. Indicating with θ 0 2 = θ 0 3 the angle of the reel and the cam for which l = 0, Eq. 2 becomes:
The cam and the idle wheel interact on a single point, the intersection of the common tangent line and the segment C O 4 , which connects their curvature centres. The distance C O 4 is therefore the sum of the cam radius R 3 and the idle wheel radius R 4 . As a consequence, the segments O 3 C, C O 4 and O 3 O 5 behave as a four bar mechanism. The relationship between the cam rotation θ 3 and the bar rotation θ 5 (with respect to the horizontal axis) is:
Equation 4 can be used to calculate the bar angular rotation θ 5 as a function of θ 3 , and consequently, by applying Eq. 3, as a function of the cable elongation l. The linear tension spring deformation s depends on the bar orientation θ 5 according to the following geometrical considerations. The linear tension spring length s is equal to: 
where L 5 is the bar length. The resulting spring deformation is then obtained by introducing s 0 , which is the rest length of the tension linear spring:
The elastic force provided by the linear tension spring as a consequence of a deformation s is:
where K L S is the spring stiffness. The elastic force F s is transmitted by the bar/cam mechanism to the cable as a force F l opposing to the elongation l. The mathematical relation describing the force equilibrium is hereafter reported. The spring force spans an angle β with respect to the horizontal axis
whilst the interaction force between the bar (body 5) and the cam (body 3) trough the idle wheel (body 4) (
The β and α angles can be used to solve the rotational static equilibrium equation of the body 5 with respect to the point O 5 :
and F v 4 are the horizontal and the vertical components of F s and F 4 (refer to Fig. 4b ). The force F 4 generates a torque T 2 on the reel through the cam. T 2 is directly balanced by the cable force F l . Equation 11 shows the relation between the cable force F l and F 4 :
Finally, by combining Eqs. 10 and 11 it is possible to find the relation between F l and F s that is:
Using these relations, all the constructive parameters (e.g., reel and cam radius, linear tension spring stiffness, pivots location on the frame) of the non-linear spring were defined to meet the two design requirements stated above.
Muscles to joints
The design of the linear elastic actuators described above is such that a non-linear force versus length relationship is established in which the position of the piston determines the rest length of the non-linear spring whilst the difference between the actual length and the rest length determines the force output. The non-linear mechanism acts such that the stiffness of the actuator ( F/ l) increases monotonically with the amount of force. At the level of the individual actuators, there is no independent control of force and stiffness. When two actuation units are coupled to act around a single joint, the opposing torques generated by each elastic element will result in a convergent torque field around a virtual EP θ eq (i.e., the static position that the arm would reach if no external loads are applied). The equilibrium point as well as the torque field slope (i.e., joint stiffness) will be directly determined by the positions of the two hydraulic pistons. By properly moving the pistons the joint equilibrium point and stiffness change. To show how it is possible to independently adjust the EP and the joint stiffness, a mathematical description of the actuation scheme working principle will be reported hereafter.
According to Fig. 3 , we define the initial configuration of the actuation system for the two joints. In this configuration, the non-linear elastic elements are unloaded, therefore the tendon cable forces are zero. The initial configuration of the shoulder angle (θ 0 ) is set to half the operative range of the joint, which becomes [−90 • , +90 • ]. Similarly, the initial configuration of pistons (x 0 ext and x 0 flx ) are set to half the hydraulic piston movement range.
If we move the two pistons from the initial configuration in two arbitrary positions x ext and x flx , the two transmission lines will be deformed respectively of l ext and l flx , depending on the joint angle θ :
that assuming θ 0 = 0 become:
where R is the radius of the NEURARM shoulder joint pulley, x ext = x 0 ext − x ext and x flx = x 0 flx − x flx . Assuming the steel cable infinitively stiff, all the transmission line deformation will be that of the non-linear elastic element. So, the antagonistic cables act on the shoulder joint with two forces F ext ( l ext ) and F flx ( l flx ):
Assuming the flexor unit responsible for a positive torque, the resulting torque T applied on the joint is consequently equal to:
The joint equilibrium angle θ eq is easily calculated solving with respect to θ the equation
By appropriately changing the reference frames for the piston positions, it is possible to have x 0 flx = x 0 ext = 0, so that (16) becomes:
Substituting (14) and (15) in the Eq. 16 and differentiating with respect to the joint angle, it is possible to find the joint stiffness K θ :
As Eqs. 18 and 19 show, the joint position is proportional to the difference between the two piston positions (x ext − x ext ), whilst the joint stiffness depends on their sum (x ext + x ext ) . Thereby, the joint position and stiffness can be regulated independently. This can be better shown by introducing two new control variables as a linear combination of the two piston positions. The first, the differential command, is defined as a reciprocal shift of the antagonist pistons:
The second is the common mode command, which is an equal shift of the antagonist pistons:
Substituting Eqs. 20 and 21 into 18 and 19, we get the final equations describing the joint position (22) and stiffness (23):
As stated above, the elbow joint presents a more complex structure compared to the shoulder. Indeed, the elbow flexor moment arm changes significantly as a non-linear function of the joint angular position, whilst the extensor moment arm can be considered to remain relatively constant (Fig. 3b) .
Consequently, the mathematical model proposed for the shoulder joint must be modified to describe the elbow joint working principle. Because of the variable flexor moment arm, it is not possible to define an equal common mode (x com ) and differential mode command (x dif ) for the flexor and the extensor units. As a result, the two elbow piston positions are defined as:
The initial configuration of the elbow joint (θ 0 ) is equal to the fully extended joint position, defining a joint angular range 
where I flx (θ ) is the integral of the variable flexor moment arm, R flx (θ ) , along the joint angular position that is:
The joint torque static equilibrium equation is described as:
Note that because of the difference between the two moment arms (R flx (θ ) , R ext ), the equal forces condition (i.e., F flx = F ext ) does not guarantee joint equilibrium. Nevertheless, if we assume both the actuation units have been unloaded, it is possible to solve the static equilibrium equation independent of the moment arms:
By applying (29) to the elongation Eq. 26, the flexor and extensor differential commands (x dif_flx and x dif_ext ) can be evaluated as a function of the sole angular EP (θ eq ):
As introduced by Eqs. 24 and 25, the elbow joint stiffness regulation requires two different common mode commands (x com_flx and x com_ext ). Indeed, because of the difference between the two moment arms (R flx (θ ) , R ext ), the flexor and extensor torque/elongation curves (T flx ( l) , T ext ( l)) differ even if the force/elongation characteristics are identical
The common mode commands specify the torque generated by the two antagonist cables by imposing two different elongations so that:
• the stiffness can be regulated by exploiting the nonlinearity of the force/elongation curves; • the joint EP remains unchanged (i.e., Eq. 28 is satisfied).
The resulting elbow joint stiffness is a function of both the angular position and the common mode commands:
Moreover, by applying the torque equilibrium condition (28) to the cable elongation equations, the relation between the two common mode commands can be evaluated as:
Thus, x com_flx can be expressed as a function of x com_ext . At the end, we used a numerical simulation to calculate the joint stiffness from the Eqs. 19 and 20. The simulation result produces a bi-dimensional plot of K θ eq , x com_ext , illustrated in Fig. 5 , that shows how joint stiffness varies as a function of the co-activation command and the joint angle at equilibrium. An important feature of this mapping is that joint stiffness increases smoothly and monotonically as x com_ext and θ eq increase.
Decoupling control of position and stiffness
We developed a multi-layered control architecture to independently control the joint position and stiffness. The low level-layer controls the hydraulic piston position (x ext , x flx ), and is thus responsible for the regulation of the rest lengths of the actuation lines. This control has been detailed in Vitiello flx , x des ext ) as a function of the desired angular EP (θ des eq ) and stiffness level (K des eq ). As illustrated in Fig. 6 , the desired angular position and stiffness are input variables of the high level control of the shoulder joint, and are separately processed. The desired EP determines a reciprocal shift of the pistons (x dif ) by inverting Eq. 22:
The desired joint stiffness determines the equal shift of the pistons (x com ), by Eq. 23:
Finally, x dif and x com lead to the desired piston positions for both the flexor and the extensor unit (x des flx , x des ext ) by means of Eqs. 22 and 23. The elbow joint high-level controller differs from that of the shoulder. The desired EP determines the differential commands (x dif_flx and x dif_ext ) by means of Eq. 30. Then, both the desired EP and the desired joint stiffness participate to the definition of the common mode commands. First, the extensor common mode command (x com_ext ) is computed by means of the numerical resolution of Eq. 31. Then, the flexor common mode command (x com_flx ) is calculated from Eq. 32.
It is important to remark that this controller acts in an openloop fashion. Therefore, the resulting static and dynamic performances are only related to the 'hardware' viscoelastic behaviour of the actuation, even if the mechanical behaviour can be regulated through the controller.
Experiments I: performance versus design goals
at the joint level
Muscle-like actuators
The non-linear element mathematical model introduced in the previous Section was numerically simulated to verify that all the design requirements were met and to test whether the NEURARM actuators captures the salient features of Fig. 6 The multi-layered NEURARM open-loop position and stiffness controller: the high level controller takes as input the desired EPs and the desired joints stiffness, and puts on output, for each joint, the flexor and extensor virtual piston positions; the virtual positions are then the references for the low level controller, which is a closed-loop position regulator; finally, the interaction between the NEURARM intrinsic mechanical properties and the external environment determines the joints EPs Fig. 7 Non-linear element analytical model simulation versus experimental characterization muscles as they apply to the hypotheses of impedance control. We first characterized the length-tension characteristics of a single actuator complex. The steel cable exploited for the NEURARM actuation has a length of about 50 cm, resulting in an equivalent elastic constant of about 100 N/mm, which could not be actually neglected in the simulation. The elastic characteristics of the steel cable were therefore modelled by introducing an additional virtual spring (i.e., a constant stiffness element) in series with the non-linear element model. The simulation results are illustrated in Fig. 7 . The resulting non-linear force/elongation curve was well approximated by a second order polynomial function with coefficients a 1 = 3.326 · 10 5 Nm −2 and a 2 = 1009 Nm −1 , giving a root-mean-square error (RMSE) value equal to 1.70 N. These coefficients, according to Eqs. 7 and 21, result in a theoretical shoulder and elbow stiffness in the range K Sh = [2.5 − 40] Nm/rad, thus satisfying the design requirements. Furthermore, the form of the torque/displacement curve is such that angular stiffness increases with torque, which is the key factor that allows for stiffness modulation via co-contraction of opposing muscles.
Note that the maximum achievable stiffness is limited by the maximum cable loading force (about 400 N), as determined by the structural strength of the non-linear element. According to the force versus deformation characteristic of the non-linear element (Eq. 1), the maximum force value is gathered at a deformation of 0.034 m, meaning that it is achieved by setting x com equal to 0.0086 m (thanks to the stroke amplifier that multiplies by a factor of four the piston displacement).
In a previous study , the non-linear element force (F l ) versus elongation ( l) curve was experimentally characterized, both in static and dynamic conditions. The static experimental curves were fitted by a second order polynomial function, giving as a result the coefficients a 1 = 3.145·10 5 Nm −2 and a 2 = 935 Nm −1 , and a RMSE of 1.62 N. In addition, the dynamic characterization, performed with elongation velocities up to 400 mm/min, demonstrated a maximum hysteresis of 18.3 N corresponding to the 6% of the force exerted at maximum spring elongation.
The comparison between the numerical simulation and the experimental characterization curves is shown in Fig. 7 . The maximum force difference is 16.6 N which corresponds to 5% of the non-linear element force limit. The good agreement between the mathematical model and the prototype validates both the design of the non-linear element and its technological implementation.
Static characterization of a single joint
As introduced in Sect. 2, the antagonistic actuation system acting in combination with the rest-length controllers on the non-linear actuators is intended to generate a convergent torque field around an EP of the joint. Once the EP is set by an appropriate differential command (x dif ), the torque field should be generated and maintained by the intrinsic properties of the actuation system. Moreover, the controller should be able to modify the mechanical behaviour of the joint by acting on the slope of the torque field (i.e., joint stiffness) through the common mode command. In order to verify experimentally that the NEURARM can fulfil this requirement, the following procedure was applied for the shoulder and the elbow separately:
1. The desired EP was set by the appropriate differential command (x dif ). 2. The joint intrinsic stiffness was adjusted by the common mode command (x com ). 3. While recording joint torques, we applied quasi-static displacements of the NEURARM joint in both positive and negative directions. The absolute value of the maximum displacement in either direction was 10 • . The displacement was manually applied by means of a passive mechanism that interfaces the NEURARM end-effector through 6-axis load cell, which provided an independent measurement of the resulting joint torque.
Five different joint stiffness levels were tested for each joint to prove that the system is capable of significant modulation of the passive joint stiffness. The characterization procedure was repeated ten times for each joint stiffness level. During the characterization of the elbow, the shoulder was blocked mechanically and vice-versa.
Note that, for the characterization experiments, we intentionally chose lower x com values than the maximum allowable one (0.0086 mm). This way, we kept low the pre-loading force on the non-linear elements, thus avoiding exceeding The resulting torque/displacement curves are reported in Fig. 8a for the shoulder and in Fig. 8b for the elbow. The slope of the torque fields was then calculated by fitting the torque/displacement curves with a linear function for positive and negative displacement independently. The fitting results, reported in Table 1 , confirm the numerical simulation outputs reported in Sect. 3.2: the measured stiffness values corresponded well to the theoretical value, giving a RMSE in the range of 0.17-0.055 Nm. This small error can be attributed to friction that is mainly generated in Bowden cables (Schiele et al. 2006) . It is worth noting that friction is low and does not affect much the overall system performance. Future studies could aim at reducing this effect through modification of the Bowden cables structure. According to the principles of impedance control, the elastic properties of the neuromuscular system are important not only for posture maintenance but also to generate movements (Bizzi et al. 1984) . In fact, by modifying the joint mechanical behaviour (i.e., joint stiffness), it should be possible to affect the system dynamic response. For this reason, the NEUR-ARM actuation was designed to allow the joint stiffness regulation to be independent of the position control. In order to show that the NEURARM is able to vary its mechanical behaviour in dynamic tasks, a step response characterization was performed with several levels of joint stiffness. The resulting trajectories were then used to model the joint as a second-order system, to properly quantify the changes in the dynamic behaviour. Finally, the joint transfer function was estimated for each stiffness level by fitting the response of the platform to multiple sine wave inputs. The step response of the joint-position controller was recorded for different stiffness levels. A step of 30 • of amplitude was chosen as desired joint angle. For each stiffness level, 50 consecutive cycles of two steps, from 15 to −15 • and vice versa for the shoulder and from 50 to 80 • and vice versa for the elbow were performed. Each joint is mechanically locked, in turn, whilst the other is being characterized. The shoulder characterization was performed with the elbow fixed in two different positions: at maximum flexion (i.e., 0 • ) and at maximum extension (i.e., 140 • ), to test the effect of an increased joint inertia.
The step response results are shown in Fig. 9 for the shoulder and Fig. 10 for the elbow. For each stiffness level, the angular trajectory averaged over 50 cycles has been reported. The averaged trajectories are compared with the desired angular position.
We carried out a quantitative analysis of the step responses by fitting the NEURARM joint response with a secondorder model. The fitting results show low RMSE values, in the range: 1.67 ± 0.26 • . Tables 2 and 3 report the estimated natural frequencies, the damping factors and the fitting RMSE for the shoulder and the elbow, respectively. The The resulting natural frequency and damping factor are reported, along with the fitting RMSE, as a function of the joint stiffness level and elbow joint position fixed during the trials natural frequency increases proportionally to the joint stiffness level, in agreement with the ideal system response (i.e.,
The damping factor (i.e., ξ = B 2 √ K I ) increases with the stiffness level too. This latter effect results from the simultaneous increase of the stiffness (K ) and the damping (B). As a matter of fact, the damping is not a controlled variable, but it increases proportionally to the stiffness. Indeed, the friction inside the Bowden cable grows with the preloading force increment, which is needed to increase the stiffness. Nevertheless, the fact is that the damping in biological systems also tends to increase with muscle force (Cannon and Zahalak 1982) . So, although this 'feature' of the mechanical actuator system was not intentionally included by design, it does further the resemblance between the robotic arm and natural biological systems. Finally, the effect of the inertia is consistent with the fitting model since both the natural frequency and the damping factor decrease when the stiffness is increased.
In order to verify the reliability of the fitting results obtained by the second-order model, we performed transfer function estimation by inputting multiple sine-wave references to the controller. For each joint and for each stiffness level (the same used in the step response trials), different sine waves were applied with a constant amplitude of 30 • and an angular offset of 0 • for the shoulder and 65 • for the elbow. The resulting angular trajectories, reported in Fig. 11 , were used for estimating the transfer functions of the system. The natural frequencies, corresponding to the resonance peaks of the transfer functions estimated by the multi-sine inputs, perfectly agree with that estimated by the step response methods. This further confirms that NEUR-ARM control can modulate its joint mechanical behaviour in dynamic tasks.
Experiments II: global (endpoint) characteristics compared to human performance
Having designed, implemented and tested the joint-level characteristics of the NEURARM, we then set out to test to what extent these features alone can account for known behaviour of the human arm. We chose at this stage to quantify the quasi-static behaviour of the limb in terms of the endpoint stiffness and the dynamic behaviour of the limb in terms of trajectory following in point-to-point movements and compared these observations to data on human movements from the literature.
Endpoint static behaviour (Cartesian stiffness)
The static analysis of the single joint mechanical properties cannot be directly extended to the multi-joint posture tasks because of the non-linearity introduced by the kinematics of the arm. Indeed, the spring-like behaviour of the two-joint Fig. 11 Single joint transfer functions estimation by multiple-sine waves inputs; the shoulder joint transfer function is estimated for different stiffness levels (i.e., K = 6. 589, 10.199, 14.037, 17.533 and 21.199 Nm/rad), whilst keeping the elbow fixed in maximum extension position (a) and maximum flexion position (b); (c) the elbow joint transfer function is estimated for four different stiffness levels (i.e., K = 4. 068, 5.672, 6.818, 8.422 Nm/rad) arm in Cartesian space is described by a stiffness matrix K, which depends on both the position of the joints and the joint stiffness, through the Jacobian matrix (i.e., Kj = J T KJ). Since the Jacobian matrix J varies as a function of joint position, the endpoint stiffness matrix varies in a complex fashion as a function of joint configuration, lever arms and actuator stiffnesses.
To empirically evaluate the endpoint stiffness of the NEURARM, we extended the static perturbation approach that we used for the single-joint static characterization to Cartesian space by applying a procedure similar to that used in the characterization of the human arm spring-like behaviour, as in Mussa-Ivaldi et al. (1985) . Specifically, we applied displacements to the endpoint and recorded the corresponding static forces generated by the NEURARM linkage. The displacements were manually applied through a passive mechanism that interfaced to the NEURARM endeffector through a six-axis load cell and guided the movement towards the correct positions that should be applied for the characterization. This passive mechanism guaranteed high repeatability and accuracy, thus ensuring the reliability of the experiment. For each EP eight displacements with different directions were applied to have a reliable stiffness measurement. From the measured displacements and forces, the stiffness matrix was obtained by linear regression of the force/displacement vectors.
Five different end-effector EPs and four joint stiffness combinations were characterized, as reported in Table 4 , to point out the similarity between the human Cartesian space behaviour and the NEURARM one. Moreover, Fig. 12 summarizes the results showing some stiffness ellipses derived following the procedure described by Mussa-Ivaldi et al. (1985) . Figure 12a shows how the stiffness ellipsis is affected by a displacement of the joint positions whilst the joint stiffness level is kept constant, whereas Fig. 12b illustrates the effect of the joint stiffness adjustment in a fixed position. The three parameters characterizing the stiffness ellipses (i.e., size, orientation and shape) are reported in Table 5 for all the measured stiffness matrices. The fact that the stiffness matrix are not perfectly symmetric (see Table 4 ), is due to the small elastic coupling of the NEURARM shoulder and elbow joint, which is caused by the bending of the Bowden cables.
Endpoint dynamic behaviour (trajectory following)
Many neurophysiological studies about motor control of the upper limb have focused their attention on planar motion tasks. As a matter of fact, multi-joint movements require strong interaction between neural, muscular and skeletal system. Consequently, the role of the human arm's 'spring-like' properties becomes a crucial factor for the correct execution of such tasks and has to be taken into account for a proper understanding of the human motor control. In order to perform as a robotic model of the human arm, it is very important that NEURARM be able to replicate planar pointto-point reaching movement by modifying its own intrinsic mechanical properties to verify the resulting effect on the movement dynamics. Three different rectilinear paths were tested, as illustrated in Fig. 13 , with an equal spatial orientation and distance between the starting and the ending point but different distance from the shoulder joint to provide different joint dynamics. For all the three paths, the x coordinates were moved between −0.2 and 0.2 m back and forth, whilst the y coordinate was constant for each path and equal respectively to 0.3, 0.4 and 0.5 m. The virtual trajectory (i.e., the desired end effector EP) was calculated to pass from start point to endpoint following a bell-shaped velocity profile, as determined from a minimum jerk trajectory (Flash and Hogan 1985) , with a duration of 1 s. Each movement was repeated ten times from start to end and back. The joint stiffness was held constant during the movement. The shoulder stiffness was set to 6.589 Nm/rad that is x com = 1 mm, whilst the elbow one was set to 4.068 Nm/rad, which corresponds to x com_ext = 1 mm; Fig. 13 shows all the performed trajectories, together with the reference paths. The resulting performance is comparable to the numerical simulation performed in Hogan (1984) , Flash (1987) and consistent with direct observations on the human being (Gomi and Kawato 1997) . NEURARM aims to replicate, at least to a certain degree, the apparent mechanical behaviour of the neuromuscular system. Here, we discuss to what extent the NEURARM platform successfully mimics important features of the human musculoskeletal system. We then follow with a discussion of the limitations of the robotic model before drawing some general conclusions about the NEURARM platform as a whole.
Characteristics of the human arm successfully mimicked in the NEURARM
In order to reach this target, we first designed a compliant antagonistic actuation system, which has been used to power each NEURARM joint. A crucial component of the actuation system is the non-linear elastic element, which is designed to mimic the elastic behaviour of muscles acting around a joint, i.e., that stiffness increases with force and torque. We achieved this via a cam mechanism with low friction and inertia which is used to obtain a non-linear force/elongation characteristic, starting from a normal linear tension spring. Measured length-tension (and torque-angle) relationships matched those of the model simulation (see Fig. 7 ): showing that the system actually achieves the desired stiffness levels. Two 'muscle-like' actuators in antagonistic configuration provide the basics requirement for developing an open-loop joint position and stiffness control. Both the shoulder and the elbow joint were initially characterized in static conditions. The experimental results (see Fig. 8 ), show the presence of the convergent torque field about the EP. The slope of the torque field (i.e., the joint stiffness) can be regulated according to the model introduced in Sect. 2.2 (see Table 1 ). In addition to these static characteristics, the human arm can modulate its stiffness in dynamic conditions, too. NEUR-ARM is able to regulate the stiffness independently from the position: the experimental results (see Fig. 9 ) confirm that the joint intrinsic mechanical properties can be regulated during dynamic tasks, a result critical for the study of voluntary movements. Moreover, the single joint dynamic performance demonstrates that 'ideally' the arm can move without any feedback by shifting the EP. This is in accordance with biomechanical simulations of the human arm (Flash 1987; Hogan 1984 ) and with direct observations on deafferented primates Bizzi 1978, 1979) and is thought to provide a key element for maintaining stability of movements when interacting with the environment. We verified that the joint stiffness ranges are comparable to that of the human arm whilst performing unconstrained movements in Cartesian space (Gomi and Kawato 1997; Burdet et al. 2000 ) . Thus, the first requirement to achieve a suitable robotic model of the human arm is satisfied by our platform.
The analysis of dynamic behaviour at the joints revealed a feature that was not explicitly specified in the design phase. Specifically, we included no requirements about the viscosity around the joints, yet the relationship between stiffness and viscosity has a great effect on the arm performance. In the experimental tests of joint impedance for the NEUR-ARM, we observed that viscosity changed proportionally to the stiffness (see Tables 2, 3 ). This peculiar behaviour is likely due to the Bowden cable transmission and to the antagonistic actuation. Indeed, the more the preloading force is increased (this is needed to regulate the joint stiffness), the higher is the resulting friction (Schiele et al. 2006) . As it turns out, this is a fortuitous artifact of the NEURARM design in that the proportional increase of the viscosity along with the stiffness resembles that of the biological system. Indeed, the human arm viscosity is at least proportional to muscles stiffness, as demonstrated by Cannon and Zahalak (1982) . Though unexpected, the relationship between viscosity and actuator force of the NEURARM system increases the similarity between the NEURARM and the human limb.
Single-joint tasks do not provide any opportunity to study the effect of the non-linearity introduced by the kinematics of the arm. For this reason most neurophysiological studies focus on tasks involving multiple joints. The NEUR-ARM Cartesian space 'spring-like' properties have been characterized using the same procedure commonly applied to humans (Mussa-Ivaldi and Flash 1990) . We showed that, as in humans, the NEURARM elastic behaviour can be described by a stiffness ellipsoid (see Fig. 12 ). Moreover, the ellipsoids orientation, area and eccentricity changed as a function of the joint position and stiffness (see Table 5 ), in accordance to what shown by Mussa-Ivaldi et al. (1985) and Gomi and Kawato 1997 on human subjects. As a further evaluation, we also performed dynamic tasks with the NEURARM in Cartesian space. Point-to-point reaching tasks have long been studied because of their importance for understanding the role of the arm elastic properties in motor control. Three different straight trajectories were performed by NEURARM to compare its behaviour with that of the human being. Experimental results (see Fig. 13 ) showed a good congruence with those obtained by musculoskeletal simulation (Hogan 1984; Flash 1987; Kistemaker et al. 2006 ) and by direct observations on humans (Gomi and Kawato 1996) . Therefore, the NEUR-ARM platform has been shown to be a potential tool for the dynamic analysis of the human arm even during Cartesian space tasks.
Scope of the NEURARM model
Of course, the NEURARM represents a simplified model of the marvellously complex and versatile human arm. Here, we enumerate some of the significant ways in which the NEUR-ARM differs from the human system and discuss how these Fig. 2 . The length-tension characteristics derive from biochemical interactions at the molecular level between the many individual fibres that all work together to produce the macroscopic behaviour of a given muscle. Furthermore, low-level reflex loops act to modulate the lengthtension characteristics, albeit with significant feedback delay. Finally, each joint is actuated by a set of muscles that is typically redundant and the torque produced around the joint is distributed across each of these muscles. As the aim of this study was to produce a robotic model of the human arm that emulates the salient mechanical features of the human neuromuscular system, we did not attempt to replicate the full complexity of the true biological system. Instead, we defined as a design goal the creation of an actuator system that allows for the control of the passive impedance around the joint that works on the joint in an agonist-antagonist configuration and that allows for a range of joint stiffness comparable to what humans can produce, at least for a certain class of voluntary movements.
The two-link planar configuration pales in comparison to the full complexity of the human arm, which has many more degrees of freedom. But it should be noted that considerable insight into human motor behaviour has been gleaned from motion experiments restricted to movements on the horizontal plane (Abend et al. 1982; Gomi and Kawato 1996; Burdet et al. 2001) . The NEURARM, therefore, can be used to evaluate any number of current theories about human motor control that are, themselves, limited to the case of two-joint planar arm movements.
Although, the qualitative results are comparable to that of the human arm, it is important to consider that the NEU-ARM does not have multi-joint muscles. Multi-joint muscles introduce off-diagonal elements in the joint stiffness matrix. Consequently, their absence results in stiffness ellipses being more elongated compared to those of the human arm.
The effect of multi-joint muscles has been subject of interest for a long time (van Ingen Schenau et al. 1987; McIntyre et al. 1996; Gomi and Osu 1996; Osu and Gomi 1999) but still remains open to argument. Thus, it could be an interesting issue to explore on the NEURARM platform. Indeed, it would be possible to simulate the presence of 'virtual' multi joint muscles by a closed-loop control, although the effect of feedback delays in this case should be accurately evaluated. Beyond the 'virtual' implementation, it would be even possible to integrate two further non-linear actuation units on the platform, to emulate the biarticular muscles.
To what extent do the simplifications of the NEURARM with respect to the human arm limit its usefulness in the field of research on human motor control? We would argue that the limitations of the model are manageable, provided that care is taken when interpreting results. If one implements a hypothetical control scheme on the NEURARM and then compares its behaviour to that of humans on a common experimental task, one must of course take special care to assure oneself that the observed difference do not derive from the difference between robot and biology, but this exercise is no more constraining then the mental exercise one must conduct to avoid erroneous conclusions due to erroneous a priori assumptions in any experimental situation. One could further argue that the CNS may also take advantage of simplifying assumptions when generating a control law for the musculoskeletal system. For example, the CNS may ignore as well the detailed force-length-velocity relationships of muscles and instead tune its behaviour based on a simplified internal model of the actuator system's more macroscopic behaviour. Finally, one might argue that certain failures of a simplified model such as the NEURARM to reproduce human behaviour can be as revealing as its successes. To give a concrete example, consider the question of multi-joint muscles evoked above. Multi-joint muscles in humans possess the same elastic properties as single-joint muscles, but is this a necessary requirement or a convenient solution? Could Mother Nature has achieved the same results by developing only single-joint muscles coupled by crossjoint reflex loops? This is an example of a situation where one may use the missing feature of the NEURARM robot to prove a point. If stable, human-like behaviour cannot be achieved without the existence of elastic multi-joint actuators, this fact would help us to understand the reason that multi-joint muscles evolved in the first place. This is one example of the type of research we plan to pursue using the NEURARM platform.
Conclusions
The aim of this study was to achieve a robotic model of the human arm able to replicate the apparent mechanical behaviour of the neuromuscular system to investigate their role in motor control. To this end, an antagonistic 'muscle-like' actuation system has been designed and developed. A nonlinear elastic element, replicating the mechanical elasticity of the muscle-tendon complex, has been designed accordingly to a mathematical model to optimize the achievable stiffness range. The final prototype has been characterized to confirm that the design goals have been met. The 'muscle-like' actuation system has been integrated on the NEURARM: an extensive static and dynamic characterization of the robot has been performed in both joint and Cartesian space. The experimental results pointed out that the NEURARM performance is sufficiently close to those of the human arm for certain key features, both in static and dynamic conditions. Therefore, the NEURARM proves to be a suitable robotic model of the human arm and, as such, it could represent a possible innovative and powerful tool for neuroscience investigation.
